In this paper, a gas-fired combined cycle power plant subjected to a pre-combustion CO 2 capture method has been analysed under different design conditions and different heat integration options. The power plant configuration includes the chemical looping reforming (CLR) of natural gas (NG), water gas shift (WGS) process, CO 2 capture and compression, and a hydrogen fuelled combined cycle to produce power. The process is denoted as a CLR-CC process. One of the main parameters that affects the performance of the process is the pressure for the CLR. The process is analysed at different design pressures for the CLR, i.e., 5, 10, 15, 18, 25 and 30 bar. It is observed that the net electrical efficiency increases with an increase in the design pressure in the CLR. Secondly, the type of steam generated from the cooling of process streams also effects the net electrical efficiency of the process. Out of the five different cases including the base case presented in this study, it is observed that the net electrical efficiency of CLR-CCs can be improved to 46.5% (lower heating value of NG basis) by producing high-pressure steam through heat recovery from the pre-combustion process streams and sending it to the Heat Recovery Steam Generator in the power plant.
Introduction
Over the last century, CO 2 emissions through burning of fossil fuels have contributed most to global warming. The projections for usage of fossil fuels are incompatible with levels required to stabilise CO 2 concentrations at safe levels in the atmosphere. Hence, the need for CO 2 capture and storage (CCS) from large point source emissions, like power plants, has been well debated and agreed upon. CCS is expected to contribute one sixth of the total CO 2 emission reductions by the year 2050 [1] .
The methods for CO 2 capture in power plants have been categorized into post-combustion, pre-combustion and oxy-fuel combustion. A detailed review about their development has been presented by Boot-Handford et al. [2] and Kenarsari et al. [3] . In the current study, the focus is on pre-combustion capture and chemical looping reforming (CLR) in a natural gas (NG) fired power plant. Although post-combustion amine absorption is the most mature technology, chemical looping processes, with their ability to inherently separate CO 2 , possess a high thermodynamic potential (less exergy destruction) with a low energy consumption for the capture of CO 2 . Chemical looping processes like chemical looping combustion (CLC) and CLR use metallic oxygen carriers to convert the chemical potential of fossil fuels into work. The concept was proposed by Richter and Knoche [4] and a first-of-its-kind CLC-based power generation cycle was presented by Ishida and Jin [5] , Ishida, et al. [6] . CLC converts the chemical energy of the fossil fuel into heat at relatively low temperatures (T ≈ 800-1100 • C) [7] [8] [9] . On the other hand, CLR converts the chemical energy of fossil fuel into a H 2 rich fuel, which combusts and results in streams of higher temperature (T ≈ 1400-1500 • C) [10] .
A schematic of the basic CLR process is shown in Figure 1 . Compressed air reacts with metallic oxygen carrier in the oxidation reactor, which results in oxidized metallic oxygen carrier alongside an oxygen depleted air stream (N 2 -rich stream). The oxidized metallic oxygen carrier reacts with NG in the fuel reactor in the presence of steam to produce syngas. The reduced oxygen carrier is circulated back to the oxidation reactor. A FeO-Fe 3 O 4 system has been assumed as the oxygen carrier in the analysis presented in this paper. Excess oxygen carrier is circulated between the two interconnected reactors to transfer heat from the oxidation reactor to the fuel reactor for endothermic reactions. The overall process is self-sustaining and requires no external heating. The CLR is generally operated above atmospheric pressures. Some practical knowledge of operating high pressure circulating reactors stems from the successful operation of a pressurized fluidized combustion bed power plant in Värtan, Sweden [11] .
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The first of its kind plant-scale analysis of a NG based combined-cycle power plant with CLR, water gas shift (WGS), CO 2 capture and compression was presented by the current authors in a previous paper [10] . This type of power plant is denoted as a CLR-CC plant. The net electrical efficiency for the process was estimated to be 43.1% (lower heating value of NG basis). The focus of the study presented in Nazir, Bolland and Amini [10] was on integration of the CLR process in a combined-cycle power plant with CO 2 capture. The current paper goes further with analyses of the behaviour and performance of the CLR-CC power plant at different CLR design pressures and with different heat integration options. The methods used in this paper are similar to the methods used by Nazir, Bolland and Amini [10] , but the scope and analysis presented in this paper are very different and is focussed on identifying design conditions for the CLR-CC process and improving its net electrical efficiency. The net electrical efficiency reported by Nazir, Bolland and Amini [10] is also different from the current study as there have been improvements in the CLR-CC process (especially multi-stage compression of the diluent N 2 -rich stream) in this paper. The pressure for the CLR is identified as a parameter, which not only affects the performance of the reactor, but also is important for the integration of CLR with the power generation process. The sensitivity study for pressure inside the CLR gives an insight into making decisions for design of the CLR-CC process. Improvement in the process efficiency with different heat integration options are also discussed in this paper. Section 2 of the paper describes the base case design of the CLR-CC process. Section 3 describes the methodology and the assumptions used in the study. The results and discussion are presented in Section 4 and conclusions in Section 5.
Process Description
This paper deals with a sensitivity study for a natural gas-based power plant with pre-combustion CO 2 capture and CLR. NG is reformed and converted to H 2 rich fuel alongside being subjected to CO 2 capture. The decarbonized H 2 -rich fuel is then combusted in the gas turbine system to produce power. This section presents a brief description of the base case CLR-CC process, where the design pressure for CLR is 18 bar, and all the heat from the cooling of process streams is used to produce saturated low pressure (LP) steam. The selection of different process systems have been discussed by Nazir, Bolland and Amini [10] . The evaluated alternatives to the base case, with different design pressures for the CLR and heat integration options, are explained in the methodology section. Figure 2 shows a schematic of the CLR-CC process where the design pressure in the oxidation reactor of the CLR is 18 bar (base case). Compressed air at 18 bar is reacted with the oxygen carrier in the oxidation reactor of the CLR. 12% by mass of the air bled at the compressor discharge in the gas turbine of the power plant is mixed with the compressed air stream from a separate air compressor before entering the oxidation reactor. The oxygen carrier is oxidized and the depleted air stream (N 2 -rich stream) is released which contains mainly nitrogen. NG is partially oxidized by the oxygen carrier in the presence of steam. The N 2 -rich stream from the oxidation reactor is expanded in a turbine (efficiency 90%) and cooled while producing LP steam and pre-heating the fuel entering the gas turbine system. A fraction of the cooled N 2 -rich stream is compressed (compressors with 90% efficiency) in two stages and used as diluent in the gas turbine, while the remainder is vented out to the atmosphere. The inter-stage cooling of the N 2 -rich stream during compression also produces LP steam. The N 2 -rich stream can be treated in other ways, i.e., have only a fraction of the N 2 -rich stream expanded in the turbine and the remainder of the N 2 -rich stream can be cooled and compressed before using it as diluent in the Gas Turbine system. The authors found that the efficiency penalty is least when the N 2 -rich stream is treated the way addressed in this paper. The efficiency penalty in treating the N 2 -rich stream is also a factor of the turbine and compressor efficiencies, but a detailed study of this is not within the scope of the current paper.
The syngas from the fuel reactor contains carbon monoxide which to a large extent is converted to CO 2 through a WGS process. The WGS is carried out in two steps, at high (400 • C) and low temperature (200 • C) [36] . The high temperature WGS (HTS) and low temperature WGS (LTS) product streams are cooled down to the required temperature and LP steam is generated through heat recovery. The product stream from the LTS is cooled down to 50 • C and is sent to the CO 2 capture section. CO 2 is captured in the absorber using an activated methyl diethanolamine (a-MDEA) solution. The CO 2 rich amine is then sent to the stripper for regeneration of amine. The captured CO 2 is compressed to 110 bar and is ready for transportation and storage. The H 2 -rich stream from the top of the absorber is used as fuel in the power generation process. A fraction of the LP steam produced from cooling of the N 2 -rich stream, syngas and WGS reaction, is utilized in the reboiler of the stripper in the CO 2 capture section. Remaining LP steam is expanded in a separate steam turbine (additional LP steam turbine with 85% efficiency) to generate power. The condensed water from the reboiler is converted to steam by utilizing heat from the syngas. The condensate from the additional LP steam turbine is sent to the condenser in the power plant. The H2-rich stream is compressed (compressor with 85% efficiency), pre-heated and mixed with the diluent N2-rich stream before being combusted with air in a GE 9371FB gas turbine system. The selected gas turbine is robust to changes in fuel type and also supports fuel which is rich in hydrogen [23, 37] . The gas turbine exhaust is passed through the Heat Recovery Steam Generator (HRSG) to produce steam for the steam cycle before being released to the atmosphere. The steam cycle consists of three pressure level steam generators and steam turbines at 166 bar, 32.7 bar, 3.4 bar for high pressure (HP), medium pressure (MP) and low pressure (LP) steam, respectively. The water and steam mixture from the steam turbine (ST) system is condensed in a condenser to prepare feed water for the steam cycle. A natural draft cooling tower supplies the cooling water to the condenser and it fulfils the cooling water requirement in the entire process.
The power plant comprises of two gas turbines (GT), two HRSGs with one steam turbine system comprising of one high pressure steam turbine, one medium pressure steam turbine and two low pressure turbines. The chosen power plant configuration is the same as a natural gas combined cycle (NGCC) plant without CO2 capture as reported by the European Benchmarking Task Force (EBTF) [37] . The HRSG, as shown in Figure 3 , comprises of low, medium and high pressure economizers, boilers and super-heaters. The exhaust from the GT provides heat to produce superheated HP, MP and LP steam, which is expanded in the respective turbines to produce power. The MP steam also undergoes a reheat before being expanded in the MP steam turbine. In the base case design described above, the additional steam generated from the heat of reforming and shift reactions is not added to the HRSG. Generating steam at high pressure and mixing it with streams in the HRSG improves the process efficiency. Analysis of cases with different heat recovery and integration options is discussed in the following sections. The H 2 -rich stream is compressed (compressor with 85% efficiency), pre-heated and mixed with the diluent N 2 -rich stream before being combusted with air in a GE 9371FB gas turbine system. The selected gas turbine is robust to changes in fuel type and also supports fuel which is rich in hydrogen [23, 37] . The gas turbine exhaust is passed through the Heat Recovery Steam Generator (HRSG) to produce steam for the steam cycle before being released to the atmosphere. The steam cycle consists of three pressure level steam generators and steam turbines at 166 bar, 32.7 bar, 3.4 bar for high pressure (HP), medium pressure (MP) and low pressure (LP) steam, respectively. The water and steam mixture from the steam turbine (ST) system is condensed in a condenser to prepare feed water for the steam cycle. A natural draft cooling tower supplies the cooling water to the condenser and it fulfils the cooling water requirement in the entire process.
The power plant comprises of two gas turbines (GT), two HRSGs with one steam turbine system comprising of one high pressure steam turbine, one medium pressure steam turbine and two low pressure turbines. The chosen power plant configuration is the same as a natural gas combined cycle (NGCC) plant without CO 2 capture as reported by the European Benchmarking Task Force (EBTF) [37] . The HRSG, as shown in Figure 3 , comprises of low, medium and high pressure economizers, boilers and super-heaters. The exhaust from the GT provides heat to produce superheated HP, MP and LP steam, which is expanded in the respective turbines to produce power. The MP steam also undergoes a reheat before being expanded in the MP steam turbine. In the base case design described above, the additional steam generated from the heat of reforming and shift reactions is not added to the HRSG. Generating steam at high pressure and mixing it with streams in the HRSG improves the process efficiency. Analysis of cases with different heat recovery and integration options is discussed in the following sections. 
Methodology
To analyse the CLR-CC process, three different process simulation tools were used to establish the mass and heat balance calculations. Thermodynamic equilibrium conditions are assumed in all components. The air compressor and CLR were simulated using Aspen Plus V8.6 (Aspen Technology, Inc., Bedford, Massachusetts, USA). The equilibrium conditions for gas-solid reactions in the CLR can be simulated in Aspen Plus, but not in Aspen HYSYS since the thermodynamic property data for solids is in Aspen Plus [38] . The WGS, CO2 capture and CO2 compression processes were simulated using Aspen HYSYS V8.6 since it provides an option to use the Acid Gas thermodynamic model which is well suited for amine systems [39] . The combined cycle power plant was analysed using the Thermoflex component of the Thermoflow suite V26 (Thermoflow Inc., Southborough, MA, USA), since Thermoflow contains a database of standard commercial gas turbine systems [40] . The models were linked using Microsoft Excel (Microsoft Corporation, Redmond, Washington, USA). Net electric efficiency on a LHV basis, is chosen as the parameter that indicates the performance of the power plant. The net electric efficiency (η) of the process is defined as:
Net electricity produced LHV of NG input to the process The Peng Robinson model was used to estimate the equilibrium conditions in CLR and WGS processes [14] . The Gibbs Reactor module is used to simulate the conditions in the oxidation and fuel reactors of the CLR. In the base case design, the Oxidation Reactor of CLR is operated at a pressure close the pressure of the compressor bleed from the GT system, which is 18 bar. Compressor bleed flow is 12% by mass of the air entering the GT system. The percentage of air bled from the compressor of the gas turbine system can be varied and the effect on the overall performance can be observed. A sensitivity on the percentage of the air bled is not in scope of this study. The remainder of the air needed is taken from the atmosphere and compressed using a separate air compressor, which operates with a polytropic efficiency of 90.9%. A steam to carbon ratio of 0.9 is assumed at the inlet of the fuel reactor. Steam is extracted from the MP Steam Turbine in the power plant. The air flow and the oxygen carrier circulation is adjusted to get a 99% conversion of CH4 at equilibrium in the fuel reactor alongside limiting the oxidation reactor outlet temperature to 1200 °C. At such high temperatures, there exists a risk of agglomeration and sintering of oxygen carrier material that affects the techno-economic performance of the reactor [41] . Anyhow, in this paper the agglomeration and sintering effects of the oxygen carrier is neglected as the current paper focuses on the thermodynamic 
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The HTS and LTS processes were simulated using the equilibrium reactor module in Aspen HYSYS. A pressure drop of 3% was assumed in each of the WGS steps in this study. The heat exchangers between the processes have a 2% pressure drop on the gaseous stream and 0.4 bar pressure drop when the fluid flowing is liquid [37] . Saturated LP steam at 3.8 bar is produced when process streams are cooled. The CO 2 capture section consists of an absorber and a stripper, where 45% by mass a-MDEA is used as a solvent. The a-MDEA solvent serves well for CO 2 capture for moderate partial pressures of CO 2 at the absorber inlet [42] . The design conditions in the absorber and regenerator to capture CO 2 and regenerate the amine are adjusted to maintain a CO 2 capture rate of 95% across the absorber. Saturated LP steam at 3.8 bar is used in the reboiler of the stripper to regenerate the amine. The captured CO 2 is compressed and pumped to 110 bar through a compression cycle proposed by EBTF [37] .
The combined cycle power plant has been modeled using the Thermoflex component of Thermoflow suite. The GT is run at 100% load with a LHV fuel input of approximately 1.55 GW at the GT inlet and 1430 • C as the Turbine Inlet Temperature (TIT). Based on these constraints, the amount of fuel input is estimated. To compensate for the compressor bleed in the GT system, which is used in the oxidation reactor in CLR, the same amount of N 2 -rich stream, coming as an outlet from oxidation reactor, is added to the GT combustor as a diluent.
In the current study, the process is analyzed at different CLR design pressure conditions to understand its effect on the net electrical efficiency of the CLR-CC process. Four different heat integration options have also been analysed to improve the efficiency of the base case process. The modifications in the process with respect to the base case and assumptions for different cases are described in Sections 3.1 and 3.2.
Different Design Pressures for the Chemical Looping Reforming
The sensitivity study is carried out for the process at six different design pressures for CLR (including the base case), without changing the design of the process significantly. P 5 , P 10 , P 15 , base case (P 18 ), P 25 and P 30 represent the cases where the pressures at the inlet of the oxidation reactor are 5, 10, 15, 18, 25 and 30 bar, respectively. In cases P 5 , P 10 and P 15 , the air bled from the compressor in the GT system is at 5, 10 and 15 bar, respectively. The compressor discharge pressure in the GT system is 18.6 bar. Hence, in cases P 18 , P 25 and P 30 , the air bled from the compressor is at the discharge pressure. In cases P 25 and P 30 , an additional air compressor is added to the process to raise the pressure of the air bleed stream from the discharge pressure to the respective pressure at the inlet of the oxidation reactor in CLR. The efficiency of the additional air compressor in cases P 25 and P 30 is similar to the efficiency of the air compressor that is compressing atmospheric air used in the oxidation reactor. The HRSG design was not changed while studying the effect of pressure in CLR on the efficiency of the process.
Options for Heat Integration
Options for heat integration, the base case followed by four other cases is described below. Figure 4 shows the schematic of the GSR-CC process with the points where steam is produced from heat recovery from the process streams. Table 1 shows the type of steam produced from heat recovery at the respective points shown in Figure 4 . In all the cases considered to study different heat integration options, the process conditions in CLR, WGS, CO 2 capture and compression sections are same as in the base case, except for the quality of steam prepared from cooling of process streams. The conditions of the steam produced are based on the point at which it is integrated in the steam cycle and the pressure drops encountered in economizers, boilers and super-heaters in the HRSG. Base Case: The stream data including the compositions, temperatures and pressures of each process stream for the base case are shown in Table 2 This base case is the same as case P18 (base case) defined earlier when cases to study the sensitivity with respect to pressures have been defined. Syngas, HTS and LTS product streams, N2-rich stream from turbine and diluent N2-rich stream during the inter-stage compression is cooled to produce saturated LP steam at 3.8 bar. A fraction of the saturated LP steam is used in the reboiler of the CO2 capture section and the remainder of it is sent to steam turbine to produce work. Base Case: The stream data including the compositions, temperatures and pressures of each process stream for the base case are shown in Table 2 This base case is the same as case P 18 (base case) defined earlier when cases to study the sensitivity with respect to pressures have been defined. Syngas, HTS and LTS product streams, N 2 -rich stream from turbine and diluent N 2 -rich stream during the inter-stage compression is cooled to produce saturated LP steam at 3.8 bar. A fraction of the saturated LP steam is used in the reboiler of the CO 2 capture section and the remainder of it is sent to steam turbine to produce work. Case 1: Syngas at 984 • C is cooled to 400 • C to produce superheated HP steam at 166 bar and 600 • C, which is mixed with the HP steam from the HRSG before being expanded in the HP turbine. The N 2 -rich stream from the turbine is cooled to produce superheated MP steam at 36.4 bar and 371 • C, which is mixed with MP steam before the reheat, and sent to the HRSG. Saturated LP steam at 3.8 bar is prepared from cooling of the LTS product and is sent to the HRSG for LP superheating. Heat from the HTS product and diluent N 2 -rich stream from the inter-stage cooling of the compressor is used to produce saturated LP steam at 3.8 bar for the reboiler.
Case 2: Syngas is cooled from 984 • C to 400 • C to produce saturated HP steam at 174.4 bar, which is mixed with saturated HP steam from the HP boiler in the HRSG, and sent to the HP super heater. The N 2 -rich stream from the turbine is cooled to produce superheated MP steam at 36.4 bar and 371 • C, which is mixed with MP steam before the reheat, and sent to the HRSG. Saturated LP steam at 3.8 is prepared from cooling of the LTS product and is sent to the HRSG for LP superheating. Heat from HTS product and the diluent N 2 -rich stream from the inter-stage cooling of the compressor is used to produce saturated LP steam at 3.8 bar for the reboiler.
Case 3: Syngas from the CLR and N 2 -rich stream from the turbine is cooled to produce saturated HP steam at 174.4 bar, which is mixed with HP steam from the HP boiler in the HRSG, and then sent to the HP super heater. Saturated LP steam is prepared from cooling of the LTS product and is sent to the HRSG for LP superheating. Heat from the HTS product and diluent N 2 -rich stream from the inter-stage cooling of the compressor is used to produce saturated LP steam at 3.8 bar for the reboiler. 
Results and Discussion

Sensitivity Study for Pressure in Chemical Looping Reforming
A sensitivity study was carried out to understand the performance at different design pressures for the CLR. The process is analysed at 5, 10, 15, 18, 25 and 30 bar pressure in the CLR represented as cases P 5 , P 10 , P 15 , base case (P 18 ), P 25 and P 30 , respectively. As discussed in the previous sections, in the base case, the design pressure for CLR is 18 bar, which is close to the pressure of air bleed at the compressor discharge from the gas turbine system in the power plant. The main results for the sensitivity study at different design pressures in the CLR are presented in Table 3 . The power produced or consumed by different components in the process is given as a percentage of the total LHV of the NG fuel input to the process. The negative ("−") sign indicates that the respective component consumes power and hence acts as a penalty on the efficiency of the process. As seen in Table 3 , the power generated from the gas turbine system is high at lower design pressures (5-15 bar) for CLR, since the air bleed from the compressor is at lower pressure, which requires less compression power compared to the air bleed at the compressor discharge. Similarly, net power generated from the steam cycle is high at lower design pressures for CLR (5-18 bar) since it requires steam for reforming at lower pressures which is extracted from the MP steam turbine, and hence lowering the power loss from MP turbine.
The power generated from the N 2 -rich stream turbine increases with an increase in design pressures in the CLR since the pressure ratio in the turbine is high. At higher design pressures in the CLR, more heat is present in the process streams to produce LP steam, which is expanded in the additional LP steam turbine resulting in higher power output from it. The efficiency penalty from the air compressor is high at higher pressures. For pressures more than the compressor discharge pressure of air bleed from the gas turbine, as in cases P 25 and P 30 , an additional air compressor is required to compress the air bleed from the discharge pressure to the required design pressure for the CLR. The efficiency penalty for the air compressor for cases P 25 and P 30 in Table 3 includes the penalty due to the additional air compressor. The energy penalty due to the H 2 -rich fuel compressor is less at higher design pressures for the CLR, since the H 2 -rich fuel stream is coming out of the absorber in CO 2 capture section at higher pressures. There is no significant difference in energy penalty due to the N 2 -rich stream compressor, the CO 2 compressors and pump, pump for regenerated amine and auxiliaries in the cases shown in Table 3 .
All the components listed in Table 3 , except the Gas Turbine, Steam Turbine and Auxiliaries, would be added to adapt a NGCC plant for pre-combustion capture of CO 2 . Another interesting point to notice is that at lower pressures (5-15 bar) for CLR, the sum of percentage of LHV of NG fuel for additional components is negative and hence a higher penalty on the efficiency of the process. At higher pressures (18-30 bar) , the sum of the percentage of LHV of NG for additional components is positive. Anyhow, the sum is very close to zero when the design pressure for CLR is 18 bar, which is very close to the pressure of the air bleed from the compressor discharge in the GT. This is mainly because the power output from the N 2 -rich stream turbine and the additional LP steam turbine nullifies the penalty from compressors for the diluent N 2 -rich stream, H 2 -rich fuel, air and CO 2 alongside pump for the amine and other auxiliaries. Although the efficiency of the compressors and turbines is going to affect the outcome from each component, the efficiencies were assumed constant in all the cases presented in this paper. The net electrical efficiency of the CLR-CC process is high at higher design pressures for the CLR. Anyhow, for pressures more than 18 bar, an additional air compressor needs to be included in the process to compress the air bleed from discharge pressure to the required pressure for CLR. Table 4 presents the main results from analysis of the performance of the power plant with CLR and CO 2 capture for the five different cases of heat integration as discussed in the methodology section. The '+' and '−' signs in Table 4 relate to power production and consumption, respectively. The design pressure for the CLR is chosen to be 18 bar and is kept the same in all the five cases. The net electrical efficiency for the base case is 42.5%. The net electrical efficiencies and the net electrical output for all the other cases are higher than for the base case, since the heat from the process streams is used to generate steam of higher quality to generate more power with the steam turbine. The amount of steam produced has an impact on the power consumed by auxiliaries, especially the work involved in pumping the condensate. The power output or the power consumed from the other sections in the process except the steam turbine and auxiliaries do not differ significantly across all the cases.
Heat Integration Options
In Case 1, the net electrical efficiency for the power plant is 46.5%, where the heat is used to generate superheated HP and MP steam for power production, alongside LP steam for the stripper reboiler. The net electrical efficiency in Case 2 is 44.4%, where the heat from the process streams is used to generate saturated HP steam and superheated MP steam for power production and saturated LP steam for the reboiler. In Case 3, the net electrical efficiency is the same as in Case 2, but the heat from the process streams is used to produce saturated HP steam for power production and saturated LP steam for the stripper reboiler. Case 4 has a net electrical efficiency of 44.8%, where the heat from the process streams is used to produce saturated HP and LP steam for power production, and the steam required in the stripper reboiler is extracted from the LP steam turbine in the steam cycle.
The net electrical efficiency in Case 1 is the highest. Anyhow, producing superheated HP steam by recovering heat from a stream of gas containing H 2 and CO at high temperatures and pressures might cause corrosion of tubes in the form of metal dusting. Metal dusting is highly prevalent when temperatures of streams are between 450 and 800 • C and the gas stream containing H 2 and CO is cooled to produce steam [43] . Hence, metal dusting could be a limiting factor in improving the efficiency of the process. 
Conclusions
This paper discusses the sensitivity study for the defined CLR-CC process at different design pressures in the CLR and for different options of heat integration. The CLR-CC process consists of CLR of NG followed by a water-gas shift, CO 2 capture and compression, and a combined cycle power plant. The net electrical efficiency of the process at pressures in the CLR between 5 and 30 bar and with sub-optimal heat integration varies between 40.5% and 42.9%. The net electrical efficiency of the process is higher at higher design pressures in CLR. Anyhow, at pressures higher than the air bleed pressure at the end of the compressor discharge in the GT (more than 18 bar), an extra compressor is required to compress the air bleed to the required pressure in CLR. A study on the trade-off between gains in efficiency versus the cost due to an additional compressor is necessary to comment if it is better to operate the CLR-CC process at higher pressures (greater than 18 bar). The compressor and turbine efficiencies also have an effect on the overall efficiencies of the process, but they have been considered constant in all the cases in this paper.
Five different options of heat integration have been studied in this paper. As reported in Nazir, Bolland and Amini [10] , the reforming and water-gas shift processes release a lot of heat, which can be converted into work. The pressure and degree of superheat of steam produced from the heat of reforming and water-gas shift processes affects the overall process efficiency. Producing HP steam and integrating it with the HRSG which eventually helps in producing more power through steam cycle in the power plant, improves the net electrical efficiency of the CLR-CC process. The net electrical efficiency can increase up to 46.5% from 42.5% just by improving the quality of steam produced while cooling process streams. Anyhow, operation challenges like metal dusting might limit the improvement in efficiency.
